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Introduction
(Trans)dermal administration is of interest for the delivery of drugs that cannot be administered orally, due to e.g. a strong first-pass effect, or have the skin as the target. The administration of vaccines is an example for which the dermal route may offer several advantages. By delivering a vaccine into the skin, the required dose to achieve a sufficient high immune response may be reduced when compared to conventional methods (Chen et al., 2011 Fernando et al., 2010; Gelinck et al., 2009; Quan et al., 2010) . Multiple techniques to deliver antigens or other macromolecular drugs into the skin are currently in development, such as microneedles or microjet systems (Arora et al., 2008; van der Maaden et al., 2012) . These techniques are necessary to overcome the skin barrier provided by the stratum corneum, the upper layer of the epidermis. However, to target specific layers of the skin, it is important to obtain insight in the transport of these molecules in the skin layers. This knowledge can be used to improve the design of delivery systems and to optimise delivery strategies.
The delivery and transport of fluorescent molecules in the skin has been previously visualized (Bal et al., 2010; Chen et al., 2012; Grams et al., 2004; Prow et al., 2010; Raphael et al., 2010) , although the diffusion coefficient was not quantitatively determined. This parameter is essential to describe the passive transport of a molecule in a material and is dependent on both the properties of the diffusing molecule and the material through which it diffuses. In some previous studies, the diffusion coefficient of various model compounds in skin of different species was determined (Anissimov et al., 2012; Cornelissen et al., 2008; Hanh et al., 2001; Liu et al., 2013; Raphael et al., 2013; Wonglertnirant et al., 2010; Xing et al., 2009) . Most of these studies report a single value of the diffusion coefficient for a single skin layer. For example, Cornelissen et al. (2008) measured the diffusion in human epidermis and Anissimov et al. (2012) in the stratum corneum. However, the diffusion coefficient may not only vary between skin layers, but also within the layers of the skin. This was shown in porcine dermis for a small molecule which has the property to extend the imaging depth using micro-Raman spectroscopy (Liu et al., 2013) , and for a macromolecule in murine skin layers using confocal microscopy in combination with computational analyses (Raphael et al., 2013) . However, for macromolecules and species with a thicker skin, like humans, these methods are not feasible due to the limitations in the imaging depth. To facilitate the development of (trans)dermal delivery systems, information on the specific diffusion properties of the human skin layers is essential. Indeed previous studies have reported differences in skin properties between species, including permeability and structure (Pasparakis et al., 2014; Scott et al., 1991) , suggesting that diffusion coefficients in the various skin layers may be significantly different from those measured in murine skin. To our knowledge, the variation in diffusion coefficient within and between human skin layers is currently unknown.
A possible method to determine the diffusion coefficient within the human skin is fluorescent recovery after photobleaching (FRAP, also referred to by video-FRAP or scanning microphotolysis) (Deschout et al., 2014) . With FRAP, the entire tissue is made fluorescent. Subsequently, a region in the tissue is bleached using a high laser power. After bleaching, the bleached and unbleached fluorescent molecules will diffuse through the tissue. By recording the fluorescent intensity with a confocal microscope, the diffusion of the molecules can be determined by either analytical analysis (Braeckmans et al., 2003; Hauser et al., 2008; Soumpasis, 1983) , Fourier analysis (Travascio et al., 2009; Tsay and Jacobson, 1991) , or finite element analysis (Irrechukwu and Levenston, 2009; Sniekers and van Donkelaar, 2005) . Numerical analyses have been previously presented that could account for both the inhomogeneity of the tissue (Sniekers and van Donkelaar, 2005) and anisotropic diffusion (Travascio et al., 2009; Tsay and Jacobson, 1991) . These methods can be adapted for human skin.
To improve targeted drug delivery, the aim of present study was to determine the diffusion coefficient of two model compounds in human skin throughout its different layers. This was achieved using FRAP experiments in combination with finite element analysis. The diffusion of fluorescent dextran molecules with two different molecular weights was examined.
Methods

Preparation of human skin samples
Human skin with subcutaneous fat of 3 female patients, aged between 40 and 58 years, who had undergone abdominoplasty, was obtained from the Catharina Hospital, Eindhoven, the Netherlands, according to Dutch guidelines of secondary used materials. Within 4 hours post-surgery, the skin was transported to the host laboratory and processed. The surface of the skin was cleaned with ethanol and samples with an approximate surface area of 8 mm by 8 mm and a thickness of approximately 4 mm, including the epidermis, dermis and part of the subcutaneous fat, were prepared using a scalpel, surgical scissors and a punch. These samples were cut perpendicular to the skin surface using a cutting device designed and described by Grams et al. (Grams et al., 2004) , creating a flat cutting plane. After removal from the cutting device, the samples were immerged in 0.8 mg/ml 40 kDa or 0.8-1.2 mg/ml 500 kDa fluorescein dextran (Molecular Probes) in Hank's balanced salt solution with 20 µg/ml Hoechst 33342 (Molecular Probes) and stored at 4°C for at least 20 hours.
Before the FRAP experiments, samples were allowed to equilibrate to room temperature for at least 30 minutes. Each sample was patted dry with gauze and placed on a glass cover slip with the cutting plane facing downwards. A border of polydimethylsiloxaan (PDMS) of 5 mm in height was placed on the cover slip around the sample and covered with a moistened gauze to prevent dehydration of the skin.
FRAP protocol
FRAP experiments were performed at 8 different depths measured from the surface of the skin. The depths corresponded to the central epidermis (at approximately 50% of the epidermal thickness), the upper, central and lower papillary dermis (at 10, 50, and 90% of its thickness), and two upper, a central and a lower location in the reticular dermis (at 5, 10, 50 and 90% of its thickness). To identify these locations, the thickness of the stratum corneum, epidermis, papillary and reticular dermis was determined. For this, cell nuclei, stained with Hoechst, were excited and collagen fibres of the reticular dermis were visualized using second harmonic generation (Theodossiou et al., 2006) . After a location was selected, it was centred and a global image of the nuclei and collagen fibres was made using a 10x/0.3 NA EC Plan-Neofluar objective (Fig 1a) . Subsequently, 10 images were recorded using the same objective, but with a zoom factor of 10, to establish a mean value of each pixel over the targeted recovery area A r . This was immediately followed by the FRAP experiment. A circular area with a diameter of 30 µm was bleached by an Argon laser with a wavelength of 488 nm at 100% laser power and 100%
transmission. Subsequently, images of 128 x 128 pixels were recorded at a frequency of 4 Hz at 0.7% laser transmission to monitor the fluorescent recovery for 100 seconds, resulting in images with a resolution of 0.7 x 0.7 µm per pixel (Fig 1b) . The recovery was recorded inside the sample at a depth of 40-50 µm from the flat cutting plane with a slice thickness of 19.9 µm. All experiments were performed with a confocal laser scanning microscope (LSM 510 Meta NLO, Zeiss, Germany) and within 50 hours after surgery.
Image post processing
The images of the FRAP experiments were first processed using MATLAB (2013a, The MathWorks, Inc., Natick, MA, USA) (Fig 2) . Each postbleach image was subtracted from the mean intensity distribution of the 10 prebleach images to remove inhomogeneities caused by structural features in the skin. From this set of images, the average intensity of 3 x 3 pixels was taken to form a new set of images of 42 x 42 pixels.
Subsequently, the temporal change in intensity of each pixel was filtered using a low-pass first order Butterworth filter with a cutoff frequency of 0.08 Hz to reduce imaging noise. Because the intensity I(x,y,t) was linearly related to the concentration in the concentration range of the fluorescent probes, the final set of images provided the spatiotemporal change in the concentration distribution C exp (x,y,t).
Analysis of the diffusion coefficient using a finite element model
A FRAP experiment can be modelled by solving the diffusion equation for dextran (eq 1).
where C is the concentration of dextran dependent on the x and y coordinates, D the diffusion coefficient of dextran and t the time. In the current study, the diffusion coefficient was assumed to be constant within each region. Solving this equation was achieved by designing a two-dimensional finite element (FE) model (Fig 1c) simulating the FRAP experiments using Abaqus/Standard (v6-11.2, Dassault
Systèmes Simulia Corp., Providence, RI, USA). By comparing the results of the FE simulation with the FRAP experiments, the diffusion coefficient at the various locations within the inhomogeneous skin was estimated (Fig 2) , in a similar manner to that previously reported (Irrechukwu and Levenston, 2009; Sniekers and van Donkelaar, 2005) . For all simulations, a finite element model comparable to the size of the global image was used. In the centre of this model, the mesh consisted of a regular element grid, representing the recovery area A r that was monitored during the recovery phase (Fig 1b) . In this area, the size of a single element corresponded to the size of a single pixel of the processed images. In the surrounding part of the mesh A s , the element size increased with distance from the centre (Fig 1c) . Linear quadrilateral elements (DC2D4) were used in the entire model.
The initial concentration in the simulation was based on the first postbleach image. During bleaching, diffusion of fluorescent dextran already occurs. Consequently, the initial postbleach concentration of unbleached molecules inside the bleached area is not equal to zero. Therefore, the first image after bleaching was used to determine the initial concentrations. For A r , the initial concentration of the nodes in the model was assigned by interpolation between corresponding experimental concentration values C exp (x,y,0). The mean concentration of all pixels located more than one eighth of the width of the image (67.5 µm) from the centre of the image was assigned as the initial concentration for A s 6
From the global image of the experiment, the skin was manually divided into an epidermal, papillary dermal, reticular dermal, and subcutaneous fat layer, with an additional region containing the stratum corneum and the air surrounding the sample. Subsequently, each element in the model was assigned to the layer in which the centre of the element was located (Fig 1c) . Then, the simulation was performed using the backward Euler method for time integration.
After running the simulation, the spatiotemporal change in the concentration distribution of the analysis C sim (x,y,t) was exported and compared with the experimental change in concentration C exp (x,y,t) by means of the sum of squared differences. By iteratively changing the diffusion coefficient in the simulation, the difference between C sim and C exp was minimized using the MATLAB optimization function fminbnd.
During the optimization process, the diffusion coefficient of the examined layer was iteratively adapted, while the diffusion coefficient of the other layers remained constant. The diffusion coefficient for both the stratum corneum and air, and subcutaneous fat was always assigned a value of 0 µm 2 /s. The diffusion coefficient at different depths in the reticular dermis was determined first with the other layers assigned a value of 62 µm 2 /s, based on a previously reported diffusion coefficient for human epidermis (Cornelissen et al., 2008) . The mean value determined from the four locations within the reticular dermis was then assigned to the reticular dermis and used to estimate the diffusion coefficient of the papillary dermis. In a similar manner, the diffusion coefficient of the epidermis was subsequently determined. This procedure was repeated until the diffusion coefficient did not change by more than 1 percent compared to the previous iteration. In addition, to assess the influence of the order in which the different layers were fitted, the same procedure was adopted starting with the epidermis, followed by the papillary and reticular dermis. This resulted in a maximal difference of 0.12 percent.
A few criteria were used to determine if the combination of the experiment and fitting procedure was appropriate. Two criteria were directly related to the FRAP experiments:
• The mean intensity of the prebleached images should be 30 units or more
• The intensity at the outer region of the postbleach image should not decrease by more than 0.1 Two other criteria were related to the goodness of fit:
• The value that was minimized should be less than 5x10 4
• The final value of D should not approach the limiting values for which the objective function f was minimized, equivalent to the absence of a minimum value. These limits were set between 0 and 300 µm 2 /s 7 The adopted analysis was validated and the influence of various bleach parameters were assessed using experiments on agarose gels. Results can be found in the supplementary material.
Statistical analysis
To examine if there existed a significant effect of location in the skin and molecular weight of the dextran on the diffusion coefficient, a non-parametric Kruskal-Wallis test was conducted. This was followed by stepwise stepdown multiple comparisons to determine homogeneous subsets in the data. Statistical analyses were performed using SPSS (IBM SPSS Statistics 22, IBM Corp., Armonk, NY, USA). The statistical significance level was prescribed at 5 per cent.
Results
Intensity and concentration profiles of the experiment and model
FRAP measurements were performed at 8 locations within 7 samples for each of the two molecular weights. Based on the criteria for the quality of experiments, 78 measurements (70% of the total) were selected for further analysis. During fitting of some pilot experiments, it appeared that the overall diffusion process could best be fitted by two time constants. Accordingly, for subsequent analysis only the first 15 seconds were used to optimize the fit of the model to the experiments. An example of the fluorescent images and the corresponding values estimated from the model is shown in figure 3 . A typical example of the temporal profile of the concentration from the experiment and the corresponding model is illustrated in figure 4 . It should be noted that after fitting all experiments, 8 of the 78 experiments were discarded based on the criteria for the quality of the fit, including all those associated with 500 kDa dextran at 50% depth of the reticular dermis.
Diffusion coefficient
The diffusion coefficient from all the experiments ranged between 5 and 101 µm 2 /s (Fig 5) . For 500 kDa dextran, the diffusion coefficient was approximately 8 µm Statistical analysis revealed a significant difference between the different experimental groups (p < 0.05). Post hoc multiple comparison revealed two subsets of the experimental groups which were significantly different from each other, corresponding to the two molecular weights of dextran, i.e. 40 kDa and 500 kDa. However, for the epidermal layer, the diffusion coefficients yielded similar values for both dextrans.
These results indicated that the molecular weight of the dextran did have a significant effect on the estimated diffusion coefficient, while the location within the skin had no significant effect.
Close examination of the data revealed that the measured 101 µm 2 /s was an outlier in the 40 kDa 10% reticular dermis group. Further examination of this particular case, showed a poor fit. However, this outlier did not influence the findings from the statistical analysis.
Discussion
To facilitate the design of drug delivery systems to administer drugs both intra-and (trans)dermally, the transport of macromolecules through the human skin must be established. FRAP experiments in combination with FE analysis enabled the diffusion coefficient to be estimated for two sizes of dextran molecules. Results for the diffusion coefficient yielded a two fold increase for 40 kDa dextran compared to 500 kDa, with median values of 20 and 8 µm 2 /s, respectively. The diffusion coefficient was similar within and between the papillary and reticular dermis. However, the value in the epidermis was less than 50% of the values in the dermal layers for the 40 kDa dextran molecule.
The diffusion coefficient in the epidermis was approximately 8 and 7 µm 2 /s for 40 and 500 kDa dextran, respectively (Fig. 5 ). This value was considerably lower than 62 µm 2 /s , which had been previously measured in human epidermis using 20 kDa dextran (Cornelissen et al., 2008) . The relatively large difference in the value of the diffusion coefficient may result from the non-linear dependency of the diffusion coefficient on the molecular weight (Gu et al., 2004; Irrechukwu and Levenston, 2009 ). In addition, the difference may be reinforced by possible damage due to heat separation of the epidermis used by Cornelissen and co-workers (Cornelissen et al., 2008) . The values for the dermis were comparable with the wide range of previously reported diffusion coefficient for relative small molecules in human dermis (190-300 Da) (Ibrahim and Kasting, 2010; Xing et al., 2009 ). In the current study, the diffusion coefficient of the epidermis was found to be lower than in the dermis for 40 kDa dextran molecules, as reported in previous studies on murine and human skin (Raphael et al., 2013; Xing et al., 2009 ).
The values measured in this study for human skin were generally higher than those previously measured with skin from other species such as rat, mice and pig (Liu et al., 2013; Raphael et al., 2013; Wonglertnirant et al., 2010) . Previously, it was shown that the diffusion coefficient gradually increased with depth in porcine and murine dermis (Liu et al., 2013; Raphael et al., 2013) . This trend was not found in the present work on human dermis. These differences between previous and current studies suggest that the diffusion coefficient varies between species, and hence, has to be taken into account when studying transport in the skin.
The novelty of our experimental approach is the choice to image perpendicular to the skin surface, the way finite element simulations were used and the application of the method to human skin.
Imaging across a plane corresponding to a cross section of the skin, enabled the determination of the diffusion coefficient in multiple layers using confocal microscopy. This would not have been possible when images were made parallel to the skin surface, since the imaging depth is limited in the thick human skin. In addition, FRAP is a convenient method to determine the diffusion coefficient of a range of fluorescently labelled molecules in various materials. For FRAP experiments, the entire sample is immersed in a fluorescent molecule. This can be a more controlled and easier to perform method for administration compared to local administration of a molecule in the sample using, for example, a microneedle, as reported by Raphael et al. (2013) . To subsequently determine the diffusion coefficient from FRAP experiments, a finite element analysis was used. This has advantages compared to analytical analysis, which are limited as assumptions have to be made about the initial values of in the experiment.
For example, in most analytical models it is assumed that no diffusion occurs during bleaching, which is clearly not the case. By contrast, the initial conditions in numerical models can be chosen more freely and therefore more accurately represent the experiments. Thus, using finite element analysis, it is possible to accommodate diffusion during bleaching, by employing the first image after bleaching as the initial condition for the analysis. In contrast to previous studies using a finite element analysis to determine the diffusion coefficient from FRAP experiments (Irrechukwu and Levenston, 2009; Sniekers and van Donkelaar, 2005) , the current method could account for both inhomogeneous materials and all available spatial information as opposed to information from a few selected regions.
The approach adopted in the present study to determine values of diffusion coefficients is appropriate for other materials. However, some aspects of the experimental approach need to be considered. First, the measurements were performed using in vitro skin samples and therefore some conditions might be different from the in vivo state. Indeed, excision of pre-stretched skin from the body will inevitable result in skin shrinkage, which could influence transport behaviour. In addition, in the present experiment, the diffusion was recorded at a depth of 40-50 µm from the cutting plane to circumvent the possible influence of damaged cells and fibres at this plane. Besides, the skin was fully hydrated during the experiments, which has the advantage that the conditions are the same for every measurement but, in some cases, may differ from the in vivo state. Second, pilot studies on agarose gels
showed that the calculated diffusion coefficient was partly dependent on the bleach diameter (see supplementary material). For the FRAP experiments on skin, a fixed bleach diameter of 30 µm was used to eliminate its influence on the differences in diffusion coefficient found within and between skin layers.
However, the absolute values may be slightly different. Both in agarose and in skin it appeared that more processes played a role in diffusion. The change in concentration in the first seconds (~15 sec) and the subsequent period could not be described by a single diffusion coefficient. Therefore, the first 15 seconds of the recovery were used during fitting. This phenomena may be caused by some interaction between the macromolecules and the skin, preventing part of the molecules to move around freely and thereby causing a delay in the resulting recovery of the fluorescent intensity.
The diffusion coefficients that were determined in the current study are relevant for future research on sensor technology, where small concentrations of molecules in the skin such as biomarkers are monitored, and targeted drug delivery in human skin to, for example, target specific cells in immunotherapy or vaccination. The data obtained with the current method can be used to accurately predict the distribution of a molecule through the skin after its administration and to predict the efficiency of different application methods. If a minimal variation in the diffusion coefficient is observed within a single skin layer, as reported in the current study for dextrans, the authors propose the use of a single value for the epidermal and a single value for the dermal layer, each dependent on the molecular weight of the molecule.
This study assessed the transport of macromolecules through and within various human skin layers by means of the diffusion coefficient. It was shown that the diffusion coefficient only minimally varied within and between skin layers, but was dependent on the molecular weight of the macromolecule. The data presented can be used for future research on targeted drug delivery in the skin and thereby facilitate in the improvement of current delivery devices and strategies. By specifically assessing human skin, differences in skin properties between species can be taken into account. 
